Introduction
Liquid crystals (LCs) are materials which combine properties of the liquid and the crystalline state. These materials are capable of forming hierarchical structures on the nanoscale by A nanostructured porous material is obtained by crosslinking of a selfassembled system consisting of columnar liquid crystals with polyamines and removal of the template. For this purpose, a columnar liquid crystal with liquid crystalline properties at room temperature is synthesized and fully characterized. The orthogonal self-assembly of the columnar liquid crystal with polyamines (i.e., PPI dendrimers) results in the formation of nanosegregated structures. When crosslinked by photopolymerization a nanostructured crosslinked material is obtained. Partial removal of the polyamine template leads to a nanostructured porous material, which is characterized and the absorbent properties are investigated. The polarity of the porous material is probed and the porous material is used for the selective absorption of cationic dye molecules.
self-assembly. [1] [2] [3] Due to the orientational and positional order of the molecules, LC materials are capable of exhibiting stimuli responsive properties. For instance, light responsive actuators, [ 4, 5 ] thermoresponsive materials, [ 6 ] and chemical responsive materials have been reported. [ 7 ] One of the applications of LCs is as building blocks for nanoporous materials. [ 8, 9 ] The small size of the molecules and high degree of orientational and positional order of the molecules can provide nanostructured materials with feature sizes <5 nm and high pore densities. There are several examples of porous materials made from LCs, however, only a few have been reported from hydrogenbonded LCs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] A class of LCs which is even less commonly investigated for its thermotropic LC properties is that of hydrogen-bonded discotic or columnar LCs. One example is of Ishida and co-workers , who demonstrate the template assisted self-assembly of columnar LCs via orthogonal ionic interactions. [13] [14] [15] Similarly, a template-assisted approach has previously been applied to block copolymers by Gohy and co-workers and Russell and co-workers. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The current work focuses on the application of the thermotropic LC properties of columnar benzene-1,3,5-tricarboxamide (BTA) LCs for the development of porous materials, [ 32 ] in particular toward the development of porous materials with highly selective absorbing properties.
Alkyl-substituted BTAs are molecules which are known to form hexagonal columnar LC phases over a broad temperature range. [33] [34] [35] [36] [37] [38] [39] The columnar structure is build up by a threefold hydrogen-bonding interaction resulting in a helical structure with a large macrodipole along the columnar axis. [40] [41] [42] [43] [44] Previously, we showed that the BTA motif can be used to orthogonally self-assemble with PPI dendrimers and form nanosegregated structures (viz., superlattices) at elevated temperatures. [ 37 ] Also, the structure of the material was controlled at the molecular level by the application of a variety of polyamines (i.e., branched, linear, or linear organometallic). [ 45 ] With the current work, we demonstrate that orthogonal self-assembly of polymerizable, hydrogen-bonded, columnar LCs with polyamines (i.e., PPI dendrimers) followed by photopolymerization results in a nanostructured crosslinked material ( Figure 1 ). Subsequently, partial removal of the polyamine template leads to a nanostructured porous material. Hence, a BTA with LC properties at room temperature (RT) was synthesized and fully characterized. Next to that, a nanostructured porous material was obtained, characterized, and the absorbent properties were investigated. The polarity of the porous material was probed and the porous material was used for the selective absorption of cationic dye molecules.
Design and Synthesis of the BTA
The molecular structure of BTA 1 is depicted in Figure 1 . The molecular design is based on the physical properties of previously made BTAs. C 3 -symmetric alkyl functionalized BTAs have a hexagonal columnar phase across a broad temperature range, e.g., C 10 -BTA, [ 39 ] is crystalline below 50 °C, has a Col ho phase up to 211 °C, and is an isotropic liquid above this temperature. Incorporation of acrylate esters results in drastic lowering of the order-disorder transition from ≈211 °C for the C 10 -BTA to 120 °C for the acrylate BTA. [ 46 ] Furthermore, desymmetrization of alkyl BTAs from C 3 -symmetric to C 2 -symmetric also results in lowering of the order-disorder transitions of BTAs to 116 °C. [ 37 ] Therefore, the phase transition temperatures were expected to be even lower when both features, i.e., acrylate esters and a C 2 -symmetry, are incorporated into one molecule. For chemical stability during synthesis and storage of 1 , the methacrylate ester functionality was chosen (instead of an acrylate ester) for crosslinking of the desired nanostructure. The additional methyl group makes the compound less susceptible to hydrolysis and Michael addition reactions. Furthermore, an additional carboxylic acid functionality was added to the end of one alkyl chain to form noncovalent ionic bonds with polyamines via a salt bridge. In combination with the amide hydrogen bonds between stacked BTA molecules, these orthogonal interactions promote the formation of nanosegregated structures.
The synthesis of 1 is convergent, with the alkyl tails synthesized fi rst (Scheme 1 ) and then coupled to the BTA core. First, aminoester 5 was synthesized starting from 11-bromoundecanoic acid ( 2 ), S N 2 substitution of the bromide by sodium azide afforded azidoacid 3 in 95% yield, subsequent esterifi cation gave azidoester 4 in 86% yield, and reduction of the azide afforded the free aminoester 5 in quantitative yield. So, the synthesis of aminoester 5 from 11-bromoundecanoic acid was performed in 82% overall yield over three steps. Next, the acrylate functionalized tails were synthesized starting from 6-aminohexanol ( 6 ). Boc-protection of 6 afforded N-Boc protected aminoalcohol 7 in quantitative yield, subsequent esterifi cation gave acrylate ester 8 in 86% yield, and fi nal Boc-deprotection resulted in aminoester 9 as the hydrochloride salt in quantitative yield. The synthesis of aminoester 9 was performed in 86% overall yield over three steps and was directly used as the hydrochloride salt in the next reaction without further purifi cation.
Finally, the C 2 -symmetric core structure was synthesized by partial hydrolysis of trimethyl benzene-1,3,5-tricarboxylate ( 10 ). By using the optimized procedure developed by Engel et al., [ 47 ] mono carboxylic acid 11 was obtained in 97% yield. Next, Steglich esterifi cation of carboxylic acid 11 with aminoester 5 resulted in the formation of mono amide 12 in 58% yield. Mild hydrolysis of the dimethyl ester of 12 afforded diacid 13 in 99% yield. Subsequently, the diacid 13 was converted to the diacid chloride and directly coupled with freshly prepared aminoester 9 to obtain BTA 14 in 67% yield over two steps. Final deprotection of the tert -butyl ester gave BTA 1 quantitatively, which resulted in an overall yield of 37% over six steps. BTA 1 was fully characterized by 1 H-NMR, 13 C-NMR, FT-IR, and mass analysis (see the Supporting Information).
Thermotropic Liquid Crystalline Properties of the BTA
The thermotropic LC properties of 1 were studied by polarized optical microscopy (POM), X-ray diffraction (XRD), and FT-IR ( Figure 2 ). [ 48 ] The POM image with crossed polarizers shows 1 is anisotropic at room temperature and when heated to 35 °C Adv. Mater. Interfaces 2015, 2, 1500022 www.advmatinterfaces.de www.MaterialsViews.com Figure 1 . Concept for the formation of a nanostructured porous material from a columnar hexagonal lattice and the chemical structures of BTA 1 (dark gray) and G 2 PPI (light gray). The concept also applies to other columnar lattices.
(3 of 10) 1500022 wileyonlinelibrary.com it becomes an isotropic liquid ( Figure S2 , Supporting Information). This thermotropic property is ideal for our application to form a nanostructured porous material by orthogonal selfassembly with a polyamine, because at elevated temperatures the ionic interactions between a carboxylate and ammonium salt could form a covalent amide bond. [ 49 ] This phase behavior was also confi rmed by XRD, and the highly birefringent LC phase was assigned Col hex , based on the representative q -ratios of 1:√3:2 and a diffuse signal at 14.3 nm −1 of the fl exible alkyl tails. Furthermore, from the XRD an intercolumnar distance of 1.94 nm was found, with an interdisc distance of 0.35 nm which is typical for LC BTA derivatives, and a density of 1.08 g cm −3 . The thermotropic LC properties of BTA 1 are directly related to the hydrogen bonding properties of the molecules, as is depicted in Figure 2 B. The IR-spectra show that at room temperature BTA 1 is in a hydrogen bonded state, where the OH stretch (3381 cm −1 ) and NH stretch (3241 cm −1 ) are sharp signals, at 1716 cm −1 there is both the C=O stretch of the unsaturated ester and the C=O stretch of the carboxylic acid. Furthermore, at 1641 cm −1 the C=O stretch of amides is present and at 1544 cm −1 the amide II band both confi rming a hydrogen bonded state. While at 35 °C BTA 1 is not hydrogen bonded, the OH stretch (3520 cm −1 ) and NH stretch (3321 cm −1 ) both shift to higher wavenumbers and become much broader. Also the C=O stretch of the amides (1638 cm −1 ) and the amide II band (1537 cm −1 ) slightly shift to a lower wavenumber indicating a non-hydrogen bonded state. [ 43 ] 
Orthogonal Self-Assembly
The lattice parameters of the Col hex phase of 1 indicate that when part of the BTA columns is replaced by columns of a polyamine, pores of ≈2 nm in diameter may be obtained. For the formation of a superlattice structure, the ammonium/carboxylate ionic interaction should not interfere with the hydrogenbonding interaction between the BTA molecules. Fitié et al. have shown that a BTA polyamine superlattice is obtained when a second generation (G 2 ) PPI dendrimer ( Figure 1 ) is used as the polyamine. [ 45 ] Therefore, mixtures of 1 and G 2 PPI with molar ratios varying between 4:1 and 12:1 were prepared and the structure of the LC phases was investigated with small angle X-ray scattering (SAXS) ( Figure 3 A) . At a molar ratio of 4:1 ( 1 : G 2 PPI) only a very broad signal at 3.82 nm −1 was observed. At a 5:1 molar ratio, more and sharper signals were obtained, indicating the formation of one or more well-ordered phases. Upon increasing the molar ratio further from 5:1 up to 8:1 the signal at 3.68 nm −1 increased in intensity and the signals at 3.83 nm −1 and 3.97 nm −1 disappeared.
The changes in SAXS indicate that in the 5:1 mixture, two phases are present, one of which remains at an 8:1 molar ratio, where stoichiometric amounts of amine and carboxylic acid groups are present. The POM image of the 8:1 molar ratio shows birefringence between crossed polarizers ( Figure S3 , Supporting Information), verifying the anisotropic nature of the mixture.
Further analysis of the mixtures by wide angle X-ray scattering (WAXS) showed signals in the small angle regime, indicating that a superlattice was formed (Figure 3 B ). In the medium angle regime, the intercolumnar refl ections were found and in the wide angle regime the broad signal corresponding to the "molten" alkyl chains and interdisc distance are present. A full interpretation of the superlattice structure can be found in Table S1 , Supporting Information. The scattering data were consistent with a columnar oblique superlattice ( −3 , slightly higher than the weighted average density of 1.07 g cm −3 of the separate components. [ 50 ] This shows that the noncovalent ionic bonds between the components increases the density of the system.
The FT-IR spectrum of the 8:1 mixture (Figure 3 D) shows that the NH stretch vibration at 3263 cm −1 of the hydrogenbonded amide is still present in the complex, however, this band is slightly broadened due to overlap with the very broad NH stretch of the ammonium. Furthermore, the C=O stretch of the amides is at 1639 cm −1 and the amide II band became broader and overlaps with the carboxylate C=O stretch at 1535 cm −1 , while the intensity of the C=O stretch band at 1717 cm −1 decreases and the OH stretch band at 3382 cm −1 disappears because of disappearance of the free carboxylic acid. This is consistent with the presence of hydrogen-bonded amide groups in combination with ionic interactions between ammonium and carboxylate groups.
Orthogonal Self-Assembly with Other Polyamines
In order to investigate the versatility of the orthogonal selfassembly, several different amines were tested for the formation Adv. Mater. Interfaces 2015, 2, 1500022 www.advmatinterfaces.de www.MaterialsViews.com of LC mixtures. When combining BTA 1 with pentaethylenehexamine (PEHA) in a 2:1 molar ratio, also a LC mixture was obtained. The POM image of the mixture showed a similar type of texture as the mixture with the dendrimer (Figure S4 , Supporting Information), and also in WAXS a similar structure was found ( Figure 4 ). The full interpretation of the nanosegregated structure is shown in Table S2 , Supporting Information. The unit cell parameters were comparable to that of 1 with the PPI dendrimer, i.e., a = 4.38 nm; b = 5.38 nm; c = 0.348 nm, and γ = 73.5°. This was also confi rmed by the density, which is 1.07 g cm −3 for a cell volume of 7.86 nm 3 . [ 50 ] This density is slightly higher than the weighted average density of the separate components (1.04 g cm −3 ), due to the ionic interactions between the molecules. Based on a comparison with the volume of the unit cell of the Col hex phase of 1 (1.14 nm 3 ), we propose that each unit cell of the superlattice contains six molecules of 1 and 3 molecules of PEHA (Figure 4 C) . The proposed lattice has all three molecules of PEHA at one interstitial site and the organization of BTA columns within the cell is in line with the dominance of (300), (030), and (330) refl ections. However, the position of the PEHA molecules inside the unit cell cannot be determined from the small number of observed refl ections. There are still several ways to distribute PEHA molecules among multi ple interstitial sites within the same unit cell.
Moreover, according to IR-spectroscopy the orthogonal noncovalent interactions in the 2:1 mixture are present (Figure 4 D) . The IR-spectrum of the 2:1 mixture is very similar to the IRspectrum of the 8:1 mixture of 1 with PPI. The NH stretch band is located at 3261 cm −1 , the C=O stretch of the amides is present at 1632 cm −1 , and the amide II band is at 1544 cm −1 .
Therefore, we conclude that the BTA molecules are present in the hydrogen bonded state. The NH stretch is slightly broader due to overlap with the NH stretch band of the ammonium group. Furthermore, the C=O stretch band at 1717 cm −1 decreased in intensity, while the band at 1544 cm −1 became broader, showing the conversion from a carboxylic acid to carboxylate. So, both the hydrogen bonding properties as well as the ionic interactions are present in the 2:1 mixture of BTA 1 and PEHA.
Other amines (e.g., piperazine, triazanonane, heptakis(6aminoethylthiodeoxy)-β-cyclodextrin, diethylenetriamine, 1,12-diaminoundecane, O,O′-bis(3-aminopropyl)diethylene glycol, bis(3-aminopropyl)piperazine, DBU, DABCO, N,N,N′,N′,N″,N″-pentamethyldiethylenetriamine, hexamethylenetetramine or 2,6-di t -butylpyridine) did not form LC mixtures (data not shown). Either macrophase separation was observed or the mesophase was absent. It appears that a balance must be met between the hydrophobic BTA and hydrophilic amine. Apparently, this can only be achieved with a polyamine as the hydrophilic component.
Crosslinking of the Superlattice Structure
The nanostructured material consisting of an 8:1 molar ratio between BTA 1 and PPI dendrimer was fi xated in a polymer network by UV-irradiation for 10 min under nitrogen atmosphere of mixtures containing 1.0 wt% photoinitiator (Irgacure 819). According to FT-IR analysis of the C=C bending vibration band (815 cm −1 ), 67% of the methacrylate groups had reacted after irradiation, resulting in a crosslinked polymer Adv. Mater. Interfaces 2015, 2, 1500022 www.advmatinterfaces.de www.MaterialsViews.com material ( Figure 5 A) . Longer irradiation did not result in higher crosslinking. Post-irradiation heating of the sample for several minutes at 100 °C resulted in >90% crosslinking. However, this temperature treatment resulted in loss of the hydrogen bonding interaction. Also, the C=O stretch band of the unsaturated ester at 1717 cm −1 has decreased in intensity, which confi rms the conversion of the unsaturated ester into the saturated ester. Furthermore, a minor shift in the NH stretch band (3282 cm −1 ) can be detected. This confi rms that the orthogonal self-assembly is still present in the polymer material, since all the other vibration bands remain located at the same position. POM analysis showed that the texture of the sample did not change upon photopolymerization, remaining anisotropic with a similar birefringent texture ( Figure S5 , Supporting Information). According to DSC analysis of the nanostructured material, there are no phase transitions present after polymerization ( Figure S6 , Supporting Information).
Structural investigation was performed by WAXS on planar aligned samples prepared by application of a shear force (Figure 5 B,D) . Upon photopolymerization the desired planar alignment was retained in the polymer network. However, a decrease in intensity and broadening of the signals at the medium angle regime was observed, indicating that the superlattice structure was not fully retained (Figure 5 C,D) . The loss of intensity and increase of line width was particularly pronounced for the wide angle regime, but the most important signals are still present (Figure 5 C) . This is most probably caused by shrinkage, which takes place during the polymerization of the methacrylate groups, and is known to decrease the order in nanostructured LC materials. [ 51, 52 ] 
Removal of Dendrimer Template
The dendrimer was partly removed from the polymer network by washing with deionized water of pH 5.0. Extraction was followed by monitoring the pH of the solution after every subsequent washing step. When the deionized water is back at pH 5.0, the maximum amount of dendrimer is removed, which was after three extractions. The amount of removed PPI dendrimer was quantifi ed in two ways, i.e., by elemental analysis (Table S3 , Supporting Information) of the dried porous material and 1 H-NMR of the extracted PPI dendrimer with an internal standard in D 2 O (Figure S7, Supporting Information) . Both methods showed that between 29% and 44% of the dendrimer could be removed. The remainder of dendrimer must either be physically bound or chemically bound in the porous material. Displacement of physically bound dendrimer was Adv. Mater. Interfaces 2015, 2, 1500022 www.advmatinterfaces.de www.MaterialsViews.com tested by exchange with other cations, e.g., methylene blue (MB). However, when a sample was treated with 1 × 10 −3 M MB solution in sodium carbonate buffer at pH 10 for 24 h, mass spectrometry analysis of the solution showed that no exchange took place ( Figure S8 , Supporting Information). In case of chemical bonding, direct amidation from the ammonium/carboxylate complex is not likely, because the complexation and polymerization take place at room temperature. High temperatures are required for amidation to occur. Another possibility for chemical bond formation would be Michael addition of the amine to the methacrylate ester during the photopolymerization. Either the UV-irradiation generates enough heat for the Michael addition reaction to take place or it is a radical type of Michael addition reaction. When the photoinitiator is exposed to UV-light, radicals are generated which can subtract the proton from a primary amine, to form a radical nitrogen that can react with a methacrylate ester. The partial removal of the dendrimer template results in 44% removal of the 14 wt% of dendrimer, which gives rise to a porosity of 6%.
Polarity of the Porous Material
The polarity of the porous material was assayed by using Reichardt's dye ( Figure 6 ), which is a polarity probe with negative solvatochromicity. [ 53 ] Because the dye does not dissolve in water, a co-solvent was applied which is fully miscible with water. To determine whether the co-solvent has an effect on the polarity of the porous material several different co-solvents were applied in a 1:1 volume ratio with the NaHCO 3 buffer solution. By changing the co-solvent ratio from 20% up to 80%, the changes in the polarity of the solution can be observed by eye, going from orange (polar) to purple (less polar) ( Figure S9 , Supporting Information), respectively. When the porous material was applied, the only difference which was observed is the amount of dye uptake (Figure 6 A) . The porous material absorbs less dye at a higher acetonitrile concentration, since the dye is better solvated. Moreover, the maximum wavelength (579 nm) of the dye in the porous material was independent of the buffer/co-solvent ratio. Also, by changing the co-solvent the polarity of the solution changes (Figure 6 C) , however, the dye in the porous material is independent of the polarity of the cosolvent (Figure 6 D) . This shows that the absorbance spectrum of the solvatochromic dye in the porous material is due to the polarity of the porous material and is not related to the polarity of the solvent. Moreover, the absorption band in the porous material is broad, suggesting that the dye molecules are in an environment with some heterogeneity in its polarity. The normalized average polarity ( E N T ) was derived from the maximum wavelength, which was found to be 0.586 kcal mol −1 . [ 42 ] This value corresponds to literature values [ 53 ] of the solvatochromic dye in butanol ( E N T = 0.586 kcal mol −1 )
Adv. Mater . Interfaces 2015, 2, 1500022 www.advmatinterfaces.de www.MaterialsViews.com Figure 6 . A) Absorbance spectra of porous material containing Reichardt's dye, with dependence of acetonitrile percentage on dye uptake and B) structure of Reichardt's dye, C) absorbance spectra of Reichardt's dye in solution, with different co-solvents applied (50% v/v), and D) absorbance spectra of porous materials containing Reichardt's dye, with different co-solvents applied (50% v/v). All experiments were performed in co-solvent mixtures with sodium bicarbonate buffer solution at pH 10. Also see Figure S8 , Supporting Information. and carboxylic acids (e.g., acetic acid E N T = 0.648 kcal mol −1 or propionic acid E N T = 0.611 kcal mol −1 ). Also, by comparing the polarity of the porous material with the polarity of bilayers of dipalmitoylphosphatidylcholine (DPPC; E N T = 0.590 kcal mol −1 ), this is quite similar. [ 54 ] From these comparisons, we conclude that the pores are also very hydrophobic. We speculate that this is due to the close proximity of the carboxylate anions of the BTA, which repel each other and therefore exposing more of the fl exible hydrocarbon side chains toward the pores.
Selective Absorption of Dye Molecules
When the carboxylic acid functionalized, porous material is brought into a buffered solution of pH 10, the carboxylate anion can interact with cationic molecules. The specifi city of the interaction was tested by comparing the absorption of the dye by a nonporous polymer fi lm of pure 1 (control absorption) with a porous 1 and PPI material (total amount absorbed). For different dyes, the selectivity was tested, i.e., cationic, anionic, and neutral dyes ( Figure 7 A) by measuring the UV-vis absorbance spectra and calculating the amount of absorbed dye per weight of material according to a calibration line. This was then expressed in percentage of the total amount of carboxylates in the material which are occupied by forming a 1:1 complex with a dye molecule. The absorption behavior of the cationic dyes was compared with the anionic dyes. Furthermore, cationic dyes were more readily absorbed, while the anionic dyes were not absorbed at all. The control absorption was in most cases ≤ 1% of the total amount of absorbed dye, corresponding to adsorption of the dye to the carboxylates at the surface. In the case of MB, 78% of the total amount of carboxylates in the material formed a complex with MB, owing to the porous nature of the material.
For the neutral dye, nile red (NR), only nonspecifi c absorption was detected from the control, which shows the selective absorbance properties of the material. Also, NR is a solvatochromic dye which is used to probe hydrophobic pockets and has a similar size as MB. This shows that indeed the specifi c interaction with the carboxylates is the dominant factor, and not the hydrophobic interaction. When mixing a cationic dye (MB) with the anionic dye sodium fl uorescein (SF), only the cationic dye is selectively absorbed as is shown by UV-vis spectrometry (Figure 7 B ). The kinetic plot shows a decrease of the MB absorbance in solution, while the SF remains constant. This can also be demonstrated visually ( Figure S10 , Supporting Information). The mixed solution has a green color, while after addition of the porous material, the material becomes blue in a yellow solution, showing that also in the presence of other dyes the material selectively absorbs cationic molecules. The kinetics of the process might be very dependent on the size and shape of the pores in the material, and the alignment of the pores. This was not further investigated.
However, when a multivalent cationic dye is used (i.e., Me-G2-PPI), this only shows as much absorption as in the control measurement. Comparing the size of the three cationic dyes shows that this latter effect is due to size selectivity. The diameter of MB is 8.0 Å and is readily absorbed, CV is almost twice as large with a diameter of 15.1 Å and only modestly absorbed. Furthermore, the Me-G2-PPI dendrimer has a diameter of 43.5 Å and is not absorbed. This shows that the pore size is maximally 4.4 nm and can be around the expected size of 2.0 nm of a BTA column. 
Conclusion
The results show that orthogonal self-assembly of a polymerizable hydrogen-bonded LC phase from benzene-1,3,5tricarboxamides combined with several polyamine template molecules results in a nanostructured porous material after photocrosslinking and partial removal of the water soluble template by extraction. A fraction of the template molecules is not removed, presumably because they are covalently bound to the network. The porous material selectively absorbs hydrophobic cationic dyes. Comparison with fi lms polymerized in the absence of template conclusively demonstrates that templated structure formation is essential for binding of the dyes. Characterization of the polarity of the pores with Reichardt's dye shows that the pores provide an environment ( E N T = 0.586 kcal mol −1 ) which is similar to that of solvents such as butanol. The rather low polarity of the pores explains selectivity for binding of hydrophobic dyes. Furthermore, size selectivity for dyes with a diameter of less than ≈4 nm is observed.
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